The type III histone deacetylase sirtuin 1 (Sirt1) is a suppressor of both innate and adoptive immune responses. We have recently found that Sirt1 expression is highly induced in anergic T cells. However, the transcriptional program to regulate Sirt1 expression in T cells remains uncharacterized. Here we report that the early responsive genes 2 and 3, which can be up-regulated by T-cell receptor-mediated activation of nuclear factor of activated T-cell transcription factors and are involved in peripheral T-cell tolerance, bind to the sirt1 promoter to transcript sirt1 mRNA. In addition, the forkhead transcription factor, FoxO3a, interacts with early responsive genes 2/3 on the sirt1 promoter to synergistically regulate Sirt1 expression. Interestingly, IL-2, a cytokine that can reverse T-cell anergy, suppresses sirt1 transcription by sequestering FoxO3a to the cytoplasm through activating the PI3K-AKT pathway. Expression of the constitutively active form of FoxO3a blocks IL-2-mediated reversal of T-cell tolerance by retaining sirt1 expression. Our findings here provide a molecular explanation of IL-2-mediated reversion of T-cell anergy.
The type III histone deacetylase sirtuin 1 (Sirt1) is a suppressor of both innate and adoptive immune responses. We have recently found that Sirt1 expression is highly induced in anergic T cells. However, the transcriptional program to regulate Sirt1 expression in T cells remains uncharacterized. Here we report that the early responsive genes 2 and 3, which can be up-regulated by T-cell receptor-mediated activation of nuclear factor of activated T-cell transcription factors and are involved in peripheral T-cell tolerance, bind to the sirt1 promoter to transcript sirt1 mRNA. In addition, the forkhead transcription factor, FoxO3a, interacts with early responsive genes 2/3 on the sirt1 promoter to synergistically regulate Sirt1 expression. Interestingly, IL-2, a cytokine that can reverse T-cell anergy, suppresses sirt1 transcription by sequestering FoxO3a to the cytoplasm through activating the PI3K-AKT pathway. Expression of the constitutively active form of FoxO3a blocks IL-2-mediated reversal of T-cell tolerance by retaining sirt1 expression. Our findings here provide a molecular explanation of IL-2-mediated reversion of T-cell anergy.
T-cell anergic gene | FoxO3a sequestration W hen self-reactive T cells recognize MHC/antigen complexes through their receptors (T-cell receptor, TCR) at peripheral lymphoid organs, they will either be deleted by apoptosis or silenced through a mechanism known as anergy (1, 2) . T-cell anergy is a critical mechanism to prevent autoimmunity in mammals and failure in this anergic induction process causes autoimmune diseases, such as type 1 diabetes, multiple sclerosis, and rheumatoid arthritis (3) (4) (5) (6) . It is well accepted that T-cell anergy is induced and maintained by a group of suppressive proteins, such as Itch, Cbl-b, early growth-response genes (EGR) 2 and 3, Grail, and Sirt1, upregulated by self-antigen/TCR ligation in the absence of costimulated signaling mediated by the CD28 receptor (7) (8) (9) (10) . The up-regulation of these suppressive genes requires the nuclear factor of activated T cells (NFAT), which can be activated by the TCR-mediated calcium/calcineurin pathway (11) (12) (13) .
We and others have recently demonstrated that the class III histone deacetylase Sirt1, which plays important roles in many aspects of biological functions, such as aging, metabolism, and apoptosis, inhibits T-cell immune response (9, (14) (15) (16) . Sirt1 expression in T cells is regulated by TCR-mediated signaling. The up-regulated Sirt1 protein antagonizes T-cell immune response by suppressing the activations of NF-κB and activated protein 1 (AP-1) transcription factors, both of which are required for production of IL-2, a cytokine that promotes T-cell proliferation (9, 16, 17) . Genetic depletion of the sirt1 gene in mice leads to elevated T-cell immune response and the development of a lupus-like autoimmune syndrome (9, 15) . In addition, Sirt1 is also found to suppress innate-immune responses through opposing NF-κB-mediated inflammatory cytokine production by macrophages (18) .
In the present study we report that TCR-mediated sirt1 transcription is promoted through EGR2 and EGR3, as well as the forkhead O family transcription factor 3a (FoxO3a). FoxO3a binds to the sirt1 promoter through its interaction with EGR2/3 to synergistically promote sirt1 mRNA transcription. IL-2 sequesters FoxO3a to suppress sirt1 mRNA expression during T-cell activation, presumably allowing accelerated T-cell proliferation and differentiation. Because Sirt1 is required for maintaining and IL-2 reverses T-cell peripheral tolerance, our findings here provide a possible explanation about the IL-2-mediated switch from anergy to activation.
Results
Differential Sirt1 Expression in Mouse Primary T Cells. We have recently reported that sirt1 gene transcription is induced by TCRmediated anergic signaling, and this increased Sirt1 expression is required to maintain peripheral T-cell tolerance (9) . To further analyze the transcriptional regulation of Sirt1 expression in T cells, we compared Sirt1 protein and mRNA expression levels in naïve, activated, anergic, and differentiated effector T cells. The highest levels of Sirt1 protein expression were detected in anergic T cells generated in OT-II TCR transgenic mice treated with ovalbumen (OVA) 323-339 peptide, confirming the results of our previous study (9) . Stimulation of T cells with anti-CD3 plus anti-CD28 also dramatically induced Sirt1 expression. In contrast, Sirt1 protein expression levels in Th1, Th2, Th17, and regulatory T cells (Tregs) were significantly reduced compared with its expression in anergic and activated T cells (Fig. 1A) . A similar pattern of sirt1 mRNA expression in CD4 + T cells was observed by real-time RT-PCR analysis (Fig. 1B) . Therefore, Sirt1 expression is differentially regulated during T-cell immune responses.
TCR recognition of autoreactive antigen in the absence of costimulation induces T-cell tolerance through activation of NFAT (12, 19) . In fact TCR-stimulation alone with anti-CD3 antibody induced sirt1 transcription in a dose-dependent manner. Addition of anti-CD28 antibody did not further enhance, and in contrast slightly inhibited sirt1 gene transcription (Fig. 1C) . Treatment of T cells with the calcineurin inhibitor cyclosporine A (CsA), which suppresses its downstream transcription factor NFAT, inhibited sirt1 gene transcription in a dose-dependent manner (Fig. 1D) , suggesting that the TCR-NFAT pathway is involved in sirt1 transcription and that CD28-mediated signaling may suppress sirt1 gene transcription in T cells.
Transcription Factors EGR2 and EGR3 Are Involved in sirt1 Gene Expression in T Cells. Analyzing the sirt1 promoter sequence did not identify any conserved NFAT-binding sites within the −30 kp region of sirt1 promoter in mammals. Instead, four conserved binding elements for the EGR family transcription factors were identified, three of which locate within the −196 bp region, and the fourth one is in the first exon ( Fig. 2A) , implying that EGR family transcription factors may regulate sirt1 transcription. To test this theory, we subcloned the 1-kb region (−1,063 to +79), which is often the optimal region carrying transcription factor-binding activity, into a pGL3 luciferase vector. In contrast to a basal-level pGL3-luciferase activity, this 1-kb fragment mediated significant luciferase activity (Fig. 2B) . A serial deletion of this 1-kb region identified that the −196 to +79-bp region, which contains all four EGR binding sites, carries the transcriptional activity. These results suggest that EGR family transcription factors may be involved in sirt1 mRNA transcription. There are four members of EGR family transcription factors; we then tested which of them mediates sirt1 transcription. As shown in Fig. 2C , cotransfection of EGR2 and EGR3 transcription factors dramatically enhanced sirt1-luciferase activity. In contrast, EGR1 and EGR4 coexpression showed a modest luciferase activity of sirt1 promoter (Fig.  2C) . Mutation of the EGR-binding sites completely abolished the sirt1 reporter activity, even when either EGR2 or EGR3 was coexpressed ( Fig. 2D ). Therefore, our data indicate that EGR family transcription factors EGR2 and EGR3 regulate sirt1 gene transcription. Interestingly, both egr2 and egr3 genes are downstream of the NFAT transcription factor in T cells (20, 21) . It is likely that TCR-mediated NFAT activation promotes egr2 and egr3 mRNA transcription for sirt1 gene expression in T cells. To support this hypothesis, treatment of cells with the calcineurin inhibitor CsA dose-dependently suppressed sirt1 luciferase activity (Fig. 2E) .
To further confirm the involvement of EGR family transcription factors in sirt1 gene transcription, we used a ChIP assay and analyzed whether EGR transcription factors bind to the sirt1 promoter in T cells. The binding of EGR2 to the sirt1 promoter was detected in activated T cells, and this binding was significantly increased in tolerized T cells isolated from OT-II TCR transgenic mice that were treated with OVA 323-339 peptide. In contrast, only back- HEK293 cells were transfected with control pGL4-luc or with each of the pGL4-sirt1-luc plasmids that carry −1 kb, −0.5 kb, or −196 bp region of sirt1 promoter region, or with mutations of all four EGR-binding sites. Luciferase activity in the lysates of transfected cells were determined by a dual luciferase assay. Error bars represent data from three independent experiments. (C and D) pGL4-sirt1-luc that carries −196 bp region of the sirt1 promoter (C) or its mutant on all four EGR-binding sites (D) were cotransfected without or with EGR1, EGR2, EGR3, and EGR4, or FoxO3a expression plasmids, as indicated. The luciferase activity in transfected cells was determined. (E) Cells were transfected with pGL4-sirt1-luc that carries −196 bp region of the sirt1 promoter and treatment with different doses of CsA for 24 h and sirt1-luciferase activities were analyzed. (F-H) Naïve, activated, and anergic T cells were generated as described in Fig. 1 . The binding of EGR2 (F, Middle, and G) and NFAT (F, Top, and H) to the sirt1 promoter was determined with ChIP assay. Their binding to the il-2 promoter was analyzed as a control (F and H, light-gray bars).
ground levels of EGR2 binding to the sirt1 promoter was detected in naïve CD4 T cells (Fig. 2 F and G) . In contrast, NFAT binding to the il-2 but not sirt1 promoter was detected in activated and anergic T cells (Fig. 2H) . Unfortunately, we could not analyze sirt1 promoter-binding activity of EGR3 because none of the anti-EGR3 antibodies in our hand worked for ChIP analysis. It has been reported that EGR2, EGR3, and Sirt1 are up-regulated to maintain T-cell tolerance, and that EGR2 and EGR3 are downstream of NFAT (10, 21) . Our results here provide a possible link of EGR family transcription factors to Sirt1 in T-cell anergy induction. + T cells were stimulated with anti-CD3 plus anti-CD28 for 24 h. The cells were then cultured with IL-2 (10 ng/mL) or with anti-IL-2 neutralization antibody (10 μg/mL) for each indicated amount of time (hours). (D) Naïve T cells were stimulated with anti-CD3 plus anti-CD28 for 12 h followed by cultivation with 10 ng/mL of IL-2 or with PI3K inhibitor LY294002 or with rapamycin for an additional 6 h. Cytoplasmic (C) and nuclear (N) fractionations were performed and the protein levels of FoxO3a and EGR2 were analyzed by Western blotting (A). The levels of phosphorylated FoxO3a (p-FoxO3a) and AKT (p-AKT), as well as their total protein levels in the whole-cell lysates, were analyzed by Western blotting. (E and F) Anergic CD4 + T cells were isolated from OT-II TCR transgenic mice treated with OVA 323-339 peptide. Purified cells were cultured with anti-CD3 plus anti-CD28 or with IL-2 or PI3K inhibitor LY294002 or rapamycin for 12 h. The levels of phosphorylated and total FoxO3a and AKT were analyzed by Western blotting (E). The mRNA levels of sirt1 and egr2 were determined by real-time PCR. Error bars represent data from three independent experiments (F).
FoxO3a Promotes Sirt1
Transcription Through Its Binding with EGR2/3 in T Cells. It has been reported that FoxO3a is a critical transcription factor for sirt1 expression in human cells through its binding with p53 (22) . Therefore, we attempted to test whether FoxO3a is also involved in sirt1 transcription in mouse T cells. Expression of FoxO3a induced a modest sirt1-luciferase activity. Coexpression with EGR2/3 synergistically promoted sirt1 luciferase activity (Fig. 3A) . Mutation of the EGR-binding sites in the sirt1 promoter completely abolished FoxO3a-mediated sirt1-luciferase activity (Fig. 2D) . In human cells, FoxO3a binds to the sirt1 promoter via interaction with p53 as two p53 binding sites were identified in the promoter region of human sirt1 gene (22) . However, the conserved p53 binding sites do not exist at the mouse sirt1 promoter (Fig. 2A) . Therefore, we asked whether FoxO3a promotes sirt1 gene transcription in T cells by binding to EGR2 and EGR3 at the sirt1 promoter. Indeed, EGR2 and EGR3 proteins were detected in the anti-HA immunoprecipitates from the lysates of HEK293 cells when HA-FoxO3a expression plasmid DNA was cotransfected, but not in the nontransfected controls, suggesting FoxO3a interacts with both EGR2 and EGR3 in transiently transfected cells (Fig. 3 B and C) . Their interaction was also detected in mouse primary T cells upon anti-CD3 stimulation, but anti-CD28 did not further enhance FoxO3a-interaction with EGR2 and EGR3, suggesting that FoxO3a may promote Sirt1 transcription through binding to EGR2/3 (Fig. 3D) .
If FoxO3a binds to the sirt1 promoter through EGR2/3, suppression of EGR2 and EGR3 expression should inhibit FoxO3a-binding to the sirt1 promoter. We then used a siRNA-mediated knockdown approach to test this hypothesis. As shown in Fig. 3E , EGR2-specific siRNA inhibited 70-80% of EGR2 expression without affecting EGR3 protein levels. Similarly, EGR3-specific siRNA knocked-down EGR3 but not EGR2 expression in T cells.
When T cells only received EGR2 or EGR3 siRNA, a modest reduction of FoxO3a-binding to sirt1 promoter was detected. In contrast, the sirt1 promoter binding activity of FoxO3a was significantly inhibited in T cells when both EGR2 and EGR3 were knocked-down (Fig. 3F) . As expected, suppression of EGR2 expression inhibited its binding to the sirt1 promoter, but EGR3 binding activity was unaffected (Fig. 3F) . In addition, a significant increase in FoxO3a binding to sirt1 promoter DNA in anergic T cells was detected compared with that in the activated T cells (Fig. 3G) . Collectively, our data suggest that FoxO3a interacts with EGR2/3 to promote sirt1 mRNA transcription in T cells.
IL-2 Suppresses sirt1
Transcription in T Cells. Sirt1 is highly expressed in anergic T cells and during the early stage of T-cell activation, but it is down-regulated in activated and differentiated effector T cells, suggesting that cytokine-mediated signaling might be involved in regulation of Sirt1 expression. To test this theory we analyzed the dynamics of sirt1 mRNA transcription in mouse primary T cells. As shown in Fig. 4A , a significant increase in sirt1 mRNA levels was detected at 12 h after TCR alone or TCR plus CD28 stimulation, which reached its peak at 24 h. A rapid decrease in sirt1 mRNA transcription was observed from 36 h in T cells when stimulated with both anti-CD3 and anti-CD28, and the sirt1 mRNA levels dropped to a similar level to that in naïve T cells at 2 d poststimulation. However, when T cells were stimulated with anti-CD3 alone, only a modest decline in sirt1 mRNA levels was observed, and this high level of sirt1 gene transcription was maintained at day 4 after TCR stimulation. These results indicate that TCR-mediated signaling alone is sufficient in sirt1 gene transcription and that CD28 costimulation induces a negative factor to suppress sirt1 gene transcription. In contrast, a dramatic increase in egr2 mRNA was detected within 3 h of TCR/ CD28 stimulation, which peaked at 6-9 h. The expression of egr2 mRNA was maintained at relatively high levels during a 4-d period cultivation, although with a significant decline at about a day after stimulation, and CD28 costimulation appears not to affect egr2 gene transcription (Fig. 4B) . Because both egr2 and egr3 are downstream genes of NFAT, this relative delay in sirt1 mRNA transcription during the early stages of T-cell activation suggests that sirt1 gene transcription depends on EGR2 and EGR3 protein expression in T cells.
Because sirt1 transcription is inhibited in all lineages of effector cells tested, including Th1, Th2, Th17, and Treg ( Fig. 1 A and B) , and IL-2 is the common cytokine during their differentiation, we asked whether IL-2 is involved in suppression of sirt1 mRNA transcription. To test this theory, we stimulated CD4 + naïve T cells with anti-CD3 plus anti-CD28 for 24 h, followed by addition of recombinant mouse IL-2 or anti-mouse IL-2 neutralization antibody. The exogenous IL-2, which induced T-cell proliferation, significantly reduced sirt1 mRNA and protein expression (Fig. 4C) . In contrast, neutralization of IL-2 that was produced by activated T cells upon TCR/CD28 stimuli maintained the high levels of sirt1 mRNA expression (Fig. 4C) . These data indicate that IL-2 is a negative factor in regulating sirt1 gene expression in T cells.
IL-2 Inhibits sirt1 Gene Transcription Through Phosphorylation of
FoxO3a in T Cells. It has been reported that IL-2 sequesters FoxO3a from the nucleus to the cytoplasm to promote T-cell proliferation and survival (23) . It is possible that IL-2 suppresses sirt1 transcription by sequestering FoxO3a to cytoplasm in T cells. Subcellular fractionation experiments confirmed that IL-2 sequestered FoxO3a to the cytoplasm. This IL-2-mediated sequestration of FoxO3a is inhibited by pretreatment of T cells with the PI3K inhibitor LY294002. In contrast, the subcellular distribution of EGR2 was affected neither by IL-2 nor by PI3K inhibitor LY294002 treatment (Fig. 4D) . Therefore, IL-2 appears to sequester FoxO3a through the PI3K-AKT pathway. To support this finding, we further detected an elevated phosphorylation of FoxO3a and AKT by IL-2 treatment of anergic T cells, and this IL-2-mediated AKT phosphorylation was inhibited by LY294002 (Fig. 4E) . Exogenous IL-2 reverses T-cell tolerance, and our recent findings show that TCR-mediated Sirt1 expression contributes significantly to maintain T-cell anergy (9) . Combined with our present data, these findings suggest that IL-2 may reverse Tcell anergy by suppressing sirt1 transcription. To test this hypothesis, we isolated CD4 + T cells from OT-II mice pretreated with OVA 323-339 peptide and cultured them in the absence or presence of IL-2 for 12 h. As shown in Fig. 4F , IL-2 dramatically inhibited sirt1 mRNA expression without affecting egr2 mRNA in tolerized T cells. Treatment with PI3K inhibitor LY partially blocked IL-2-mediated down-regulation of sirt1 mRNA expression. Therefore, suppression of sirt1 transcription appears to be an explanation for IL-2-mediated reversal of T-cell anergy.
It has been shown that the mammalian target of rapamycin (mTOR) kinase inhibitor rapamycin, which inhibits both mTORC1 and mTORC2 in T cells, blocks the ability of IL-2 to reverse anergy (24, 25) . As FoxO3a phosphorylation and inhibition is also mediated by mTORC2, we then asked whether rapamycin is able to block FoxO3a phosphorylation and the down-regulation of sirt1.
In fact, treatment of T cells with rapamycin inhibited FoxO3a phosphorylation and sirt1 down-regulation that is induced by IL-2 in anergic T cells (Fig. 4E) . As a consequence, rapamycin treatment also partially blocked the ability of IL-2 to suppress sirt1 gene expression (Fig. 4F) .
Because IL-2-mediated suppression of FoxO3a transcriptional activity is responsible for sirt1 gene down-regulation and reversal of T-cell tolerance, we asked whether the constitutively active form of FoxO3a can maintain sirt1 expression in anergic T cells when stimulated with IL-2. To this end, the constitutively active form of FoxO3a with a triple mutation of the AKT phosphorylation sites (TM-FoxO3a), which is not susceptible to inactivation by Akt phosphorylation (26) , was delivered into CD4 + during expansion phase and rested. Anergy was induced by ionomycin treatment. Data in Fig. 5A show that IL-2 treatment failed to down-regulate Sirt1 protein expression in T cells that express the constitutively active form of FoxO3a. As a consequence, this constitutively active FoxO3a expression partially blocked the ability of IL-2 in reversal of T-cell tolerance. The constitutively active FoxO3a suppresses IL-2-mediated T-cell anergy reversal is through Sirt1, because its expression in Sirt1 −/− T cells failed to maintain T-cell anergy (Fig.  5B) . However, knockdown of FoxO3a expression in T cells results in reduced Sirt1 expression, even after ionomycin treatment (Fig.  5C) . As a consequence, FoxO3a knockdown leads to a partial breakdown of tolerance of wild-type T cells (Fig. 5D) . Collectively, our findings indicate that IL-2-mediated suppression of FoxO3a transcriptional activation inhibits sirt1 gene transcription to reverse T-cell tolerance.
Discussion
Peripheral tolerance of self-reactive T cells is induced by the reorganization of MHC/antigen complexes through TCR in the absence of costimulatory signaling (1, 2). Tolerized or anergic T cells express the high-affinity IL-2Ra (CD25), but do not produce IL-2, even after reobtaining a combined TCR/CD28 stimulation. Adding exogenous IL-2 leads to the breakdown of this tolerance, a phenomenon that has been known for decades. The present study provides a possible molecular explanation of IL-2-mediated reversal of T-cell tolerance by suppressing Sirt1 expression (Fig. 6 ). This conclusion is supported by the following observations: (i) the TCR-NFAT-EGR2/3 pathway induces Sirt1 expression to maintain T-cell tolerance; (ii) FoxO3a interacts with EGR2/3 to synergistically promote sirt1 gene expression during T-cell anergy induction; (iii) IL-2 sequesters FoxO3a to suppress sirt1 gene expression leading to reversal of T-cell tolerance; (iv) the constitutively active form of FoxO3a partially blocks IL-2-mediated reversal of T-cell anergy of wild-type but not Sirt1 −/− T cells; and (v) knockdown of FoxO3a inhibits sirt1 expression, enhances Tcell activation and partially breaks down T-cell tolerance.
Anergic T cells express CD25, the high-affinity IL-2 receptor, but not IL-2 cytokines, as the transcription factors mediating IL-2 expression, such as NFAT, NF-κB, and AP-1, are inhibited (27) (28) (29) . The Sirt1-mediated deacetylation of both AP-1 and NF-κB transcription factors is responsible, at least partially, for suppressing IL-2 expression in anergic T cells (9, 18, 30, 31) . It is well established that exogenous IL-2, together with TCR and CD28 stimuli, can induce the proliferation of anergic T cells (32) , but the underlying molecular mechanism remains unknown. IL-2 suppresses FoxO3a transcriptional activity by sequestering FoxO3a from nuclear to cytoplasm in a PI3K-AKT-dependent manner (23, 33) . As FoxO3a is a transcription factor of sirt1, and sirt1-deficency leads to the breakdown of T-cell tolerance, this sequestration of FoxO3a is likely a molecular explanation of IL-2-mediated reversal of T-cell anergy.
The forkhead transcription factor FoxO3a has been found as a transcription factor for sirt1 gene expression in human cells (22) . Our present study also demonstrates that FoxO3a promotes sirt1 gene transcription in mouse T cells. In human cells, FoxO3a binds to the sirt1 promoter through an interaction with p53, which has been found to regulate sirt1 gene transcription upon DNA damage (34) . However, p53 binding sites do not exist in mouse sirt1 promoter region, implying that FoxO3a regulates sirt1 gene transcription in mouse T cells differently from that in human cells. Interestingly, we analyzed the sirt1 promoter sequence and found four conserved binding sites for EGR-family transcription factors. Further analysis as reported in this study indicates that FoxO3a interacts with EGR2 and EGR3 to synergistically regulate sirt1 mRNA transcription in T cells.
Materials and Methods
Isolating Mouse Naïve T Cells and in Vivo CD4 + T-Cell Anergy Induction. Primary T cells were isolated from the lymph nodes and spleens of 6-to 8-wk-old mice. CD4 + CD25 − CD44 low CD62 hi naïve T cells were purified using a naïve CD4 + T-cell isolation kit (Miltenyi Biotec). These cells were maintained in RPMI media supplemented with 10% FBS, 100 U/mL penicillin, 200 μg/mL streptomycin, and 0.25 μg/mL amphotericin, and stimulated with anti-CD3 plus anti-CD28 (5 μg/mL each). For in vivo T-cell anergy induction, OT-II mice were treated with 200 μg OVA 323-339 peptide by tail intravenous injection. Mice were killed 7 d after treatment, CD4 + T cells were isolated, and the anergy induction was confirmed as previously described (6) .
Transfection, Immunoprecipitation, and Western Blotting. Transfection, immunoprecipitation, and Western blotting to analyze protein-protein interactions and expressions were performed as previously reported (14) . Detailed methods are described in SI Materials and Methods.
Chromatin Immunoprecipitation. ChIP assays were performed as previously reported (14, 35) and a detailed method is described in SI Materials and Methods.
Luciferase Assay. Experiments were performed as previously described (36) .
